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A  new  type  of  thermoelectric  generator  (TEG)  system  based  on  liquid  metal  which  serves  to  harvest  and 
transport  waste  heat,  is  proposed  in  this  paper.  To  demonstrate  the  feasibility  of  the  new  TEG  system,  an 
experimental  prototype  which  combined  commercially  available  thermoelectric  (TE)  modules  with  the 
electromagnetic  pump  was  set  up.  Output  voltage  from  TE  modules  and  temperature  changes  of  the 
main  parts  (waste  heat  source,  liquid  metal  heating  plate,  water-cooling  plates  I  and  II)  of  the  liquid 
metal  based  TEG  system  were  experimentally  measured,  as  well  as  the  flow  rate  of  cooling  water  and  the 
load  resistance.  It  was  shown  that  the  maximum  open-circuit  voltage  of  34.7  V  was  obtained  when  the 
temperature  of  the  waste  heat  source  was  195.9  °C  and  the  temperature  gap  between  liquid  metal 
heating  plate  and  cooling-water  plates  was  nearly  100  °C.  These  experimental  results  obviously  verify 
that  using  liquid  metal  based  TEG  system  for  waste  heat  recovery  is  highly  feasible.  In  addition,  the  TEG 
system  performance  is  discussed  and  a  calculated  efficiency  of  2%  in  the  whole  TEG  system  is  obtained. 
Possible  suggestions  to  further  improve  this  type  of  generator  in  the  future  are  given. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  increased  consumption  of  fossil  fuels  has 
induced  many  serious  environmental  and  energy  problems  such  as 
ozone  depletion,  global  warming,  atmospheric  pollution  and 
worldwide  energy  shortage  etc.  Rowe  [1]  reported  that  thermo¬ 
electricity,  considered  to  be  a  kind  of  green  and  flexible  source  of 
electricity,  had  attracted  great  attention.  Since  the  1950s  when  the 
semiconductor  materials  with  small  band  gap  were  found,  more 
and  more  researchers  have  been  engaged  in  these  materials, 
because  of  their  better  thermoelectric  performance  than  pure 
metals  [2].  With  many  merits  such  as  approximate  100,000  h 
steady-state  operation,  precise  temperature  control,  a  wide  range 
of  adaptability,  and  extraordinary  reliability  and  longevity  [3],  TEG 
was  initially  used  to  provide  power  for  spacecraft  by  National 
Aeronautics  and  Space  Administration  of  USA  in  1961.  After  the 
energy  crisis  in  the  1970s,  researches  on  thermoelectric  power 
generation  are  always  the  focus  all  over  the  world  [2].  At  present, 
with  the  increasing  gap  between  limited  supply  and  increasing 
demand  of  power,  researches  on  waste  heat  recovery  by  TEG  have 
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become  crucial.  The  available  waste  heat  sources  include  recover¬ 
able  industrial  heat-generating  process,  the  exhausted  waste  heat 
of  transportation  vehicles,  solar  energy,  combustion  of  solid  waste 
and  geothermal  energy  and  so  on  [4]. 

Industrial  waste  heat  takes  a  major  part  of  the  waste  energy  in 
the  whole  society.  Hendricks  et  al.  reported  that  33%  of  the 
manufacturing  industrial  energy  was  released  directly  to  the 
atmosphere  or  cooling  systems  as  waste  heat,  because  many 
industries  were  not  able  to  recycle  the  excessive  energy.  They  also 
pointed  out  that  a  range  of  0.9  TWh  to  2.8  TWh  of  electricity  might 
be  produced  by  waste  heat  each  year  if  thermoelectric  materials 
with  average  ZT  (Z:  figure-of-merit  of  thermoelectric  materials,  T: 
absolute  operating  temperature  of  thermoelectric  materials)  values 
ranging  from  1  to  2  were  available  [5].  In  addition,  extremely  large 
amounts  of  waste  heat  energy  are  generated  from  inefficient 
transportation  vehicles.  Generally  speaking,  cooling  system  is 
required  to  guarantee  the  work  of  the  engine,  because  of  the 
thermal  limit  of  automotive  engine.  Typically,  heat  produced  by 
automotive  engine  is  removed  by  cooling  loop  which  is  full  of 
coolant  (water,  oil)  primarily,  then  dissipates  to  the  ambient 
through  air  cooling  [6].  Yu  and  Chau  [7]  pointed  out  that  as  for 
internal  combustion  engine,  only  25%  of  the  energy  generated  by 
fuel  combustion  was  used  to  run  vehicle,  while  40%  of  the  energy 
was  discarded  with  exhausted  gas,  30%  of  the  energy  was  rejected 
through  coolant,  and  5%  of  the  energy  was  dissipated  as  friction. 
Except  that,  harvesting  solar  energy  based  on  TEG  is  another 
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important  way  to  capture  low-temperature  heat.  A  typical  TEG 
driven  by  solar  power  consists  of  a  thermal  collector,  thermoelec¬ 
tric  generator  and  groups  of  flow  pipes.  In  this  type  of  TEG,  thermal 
collector  is  used  to  absorb  heat  from  the  solar  radiation,  then  the 
heat  is  carried  to  thermoelectric  generator  by  flow  pipes.  Building 
Scientific  Research  Center  (BSRC)  [8]  presented  a  new  concept  of 
roof  design  named  “The  Thermoelectric  Roof  Solar  Collector  (TE- 
RSC)”,  which  was  comprised  of  thermoelectric  modules,  a  rectan¬ 
gular  fin  heat  sink,  a  copper  plate,  a  transparent  acrylic  sheet  and 
air  gap.  Research  results  indicated  that  about  1.2  W  power  could  be 
obtained  by  such  generator  with  10  thermoelectric  modules  in 
0.0525  m2  surface  area,  under  a  solar  radiation  intensity  of  about 
800  W/m2  at  ambient  temperature  between  30  and  35  °C.  Though 
the  electrical  conversion  efficiency  of  TE-RSC  system  was  reported 
as  low  as  1  — 4%,  this  kind  of  generator  is  still  popular  in  remote 
areas  or  some  special  fields. 

Nowadays,  TEG  plays  an  even  more  significant  role  in  recovering 
the  waste  heat.  Nonetheless,  the  application  of  TEG  is  limited  in 
a  small  domain  where  the  cost  is  not  the  main  issue  to  be  consid¬ 
ered,  because  of  the  low  energy  conversion  efficiency  of  thermo¬ 
electric  devices  and  units.  In  this  paper,  a  new  kind  of  TEG  based  on 
liquid  metal  was  proposed  as  an  effective  way  in  harvesting  the 
waste  heat.  Under  the  conception  of  this  type  of  TEG,  a  demon¬ 
strating  experiment  for  two  different  working  conditions  with  low 
and  high  flow  rates  of  liquid  metal  was  carried  out  respectively, 
which  indicated  the  feasibility  of  the  new  methods.  Furthermore, 
the  TEG  performance  characteristics  are  also  discussed  in  detail. 

2.  Conceptual  experiment 

2.1.  Basics  of  TEG  based  on  liquid  metal  for  waste  heat  recovery 

Although  various  types  of  thermoelectric  devices  have  been 
presented  so  far,  many  serious  issues  still  exist,  which  mainly 
include  low  generating  efficiency,  short  life  span,  low  reliability, 
high  cost  and  the  like  [9].  In  order  to  solve  these  problems, 
improving  the  performance  of  thermoelectric  material  is  one 
significant  approach.  Since  the  Seebeck  effect  was  discovered  in 
1821,  many  different  kinds  of  thermoelectric  materials  have  been 
developed  gradually  [10-12].  Besides,  improving  the  working 
performance  of  the  waste  heat  carrier  is  also  extremely  critical  for 
enhancing  efficiency  of  the  whole  device  on  system  level.  So  far, 
liquid  metal  is  used  as  a  type  of  coolant  for  heat  dissipation  of 
electronic  devices  because  of  the  properties  of  high  thermal 
conductivity,  low  melting  points,  non-flammable,  non-toxic 


activities,  high  boiling  point  and  liquidness  at  normal  temperature 
[13,14].  In  this  case,  liquid  metal  can  be  an  available  alternative  to 
harvest  the  waste  heat  for  thermoelectric  modules.  Therefore 
a  new  kind  of  TEG  based  on  liquid  metal  is  proposed  here.  In  the 
new  TEG  system,  liquid  metal  serves  as  an  efficient  carrier  of  waste 
heat.  Meanwhile,  an  electromagnetic  pump  is  employed  to  circu¬ 
late  the  liquid  metal  in  such  TEG  system.  Furthermore,  in  order  to 
make  the  TEG  system  work  better,  cooling  measures  for  the  cool 
side  of  thermoelectric  modules  is  also  needed.  The  detailed  struc¬ 
ture  of  TEG  based  on  liquid  metal  is  introduced  in  the  experimental 
part  of  this  paper. 

2.2.  Experimental  setup 

The  schematic  diagram  of  the  present  TEG  system  based  on 
liquid  metal  is  shown  in  Fig.  1.  This  test  system  mainly  consists  of 
waste  heat  source,  electromagnetic  pump,  TEG  unit  and  a  data 
acquisition  system.  Driven  by  electromagnetic  pump,  liquid  metal 
which  is  heated  by  waste  heat  source,  firstly  flows  through  the 
electromagnetic  pump  then  to  liquid  metal  heating  plate,  and 
finally  turns  back  to  waste  heat  source  as  a  circulation.  In  this  case, 
waste  heat  simulated  by  the  heat  produced  by  electrical  heaters  is 
first  taken  away  by  liquid  metal  through  heat  convection  process, 
and  then  it  reaches  liquid  metal  heating  plate.  After  that,  the  waste 
heat  passes  through  the  liquid  metal  heating  plate  to  the  hot  side  of 
the  TE  modules.  Finally,  part  of  the  heat  is  converted  into  electricity 
by  the  TE  modules  and  the  remaining  waste  heat  is  transferred 
through  the  TE  modules  and  water-cooling  plates  then  dissipated 
into  the  surrounding  environment.  In  this  experiment,  in  order  to 
relieve  the  deformation  caused  by  thermal  stress,  one  stainless 
steel  bellows  with  a  length  of  110  mm  and  8  mm  in  diameter  is 
employed  to  connect  liquid  metal  heating  plate  with  electromag¬ 
netic  pump,  while  another  stainless  steel  bellows  with  a  length  of 
160  mm  and  8  mm  in  diameter  is  used  for  connecting  waste  heat 
source  with  electromagnetic  pump.  The  specific  function,  form  and 
feature  of  each  main  part  of  the  experimental  setup  are  depicted  as 
follows. 

Ten  electrical  heating  sticks  (electrical  heaters),  each  with 
power  rating  of  250  W,  act  as  the  waste  heat  source  which  provides 
heat  to  liquid  metal  through  a  corrosion-resistant  plate  with  the 
size  of  150  mm  x  100  mm  x  27  mm.  At  three  millimeters  above  the 
electrical  heaters  in  this  stainless  steel  plate,  there  is  a  U-shaped 
channel  for  liquid  metal  with  10  mm  in  diameter  and  315  mm  in 
length.  Hence,  heat  produced  by  heaters  is  transferred  to  liquid 
metal  through  the  3  mm  thick  corrosion-resistant  plate  which 


Fig.  1.  Schematic  of  TEG  based  on  liquid  metal. 
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exists  between  electrical  heaters  and  the  U-shaped  channel.  In 
addition,  electromagnetic  pump  applied  in  this  system  is  composed 
of  a  pump  body,  magnet  (NdFeB),  silicon  steel  and  two  electrodes, 
respectively.  The  electromagnetic  pump  body  with  200  mm  x 
90  mm  x  30  mm  in  size  is  fixed  between  waste  heat  source  and  TEG 
unit,  which  is  made  of  polytetrafluoroethylene  (PTFE).  In  order  to 
form  a  close  magnetic  loop  and  produce  an  enhanced  magnetic 
field,  silicon  steel  is  used  to  conduct  the  magnetic  flux.  Moreover, 
two  electrodes  made  of  stainless  steel  are  responsible  for  providing 
electric  power  to  the  electromagnetic  pump.  In  the  channel  of 
electromagnetic  pump,  two  baffle  plates  are  designed  to  avoid 
contact  between  liquid  metal  with  positive  and  negative  electricity 
outside  the  magnetic  field.  In  addition,  a  filling  hole  is  designed  on 
the  top  half  body  of  electromagnetic  pump  for  pouring  liquid  metal 
into  TEG  system. 

TE  modules,  liquid  metal  heating  plate,  water-cooling  plates  I 
and  II  are  the  main  components  of  TEG  unit.  Both  the  two  water¬ 
cooling  plates  in  TEG  unit,  made  of  aluminum  material,  have  two 
parallel  through-holes  with  8  mm  in  diameter  along  the  length 
direction  of  the  plate  for  cooling  water,  the  size  of  each  water¬ 
cooling  plate  is  270  mm  x  100  mm  x  16  mm.  Furthermore,  there 
are  two  types  of  TE  modules:  one  works  at  200  °C  as  the  maximum 
operating  temperature,  model  TEC-1 271 2T200;  The  other  works  at 
150  °C,  model  TEC-12712T150.  Both  these  two  kinds  of  modules 
with  size  of  50  mm  x  50  mm  x  3.8  mm  have  a  matrix  of  one 
hundred  and  twenty-seven  thermoelectric  couples  (p-type  and  n- 
type)  with  Bi-Te  material.  The  total  forty  TE  modules  are  sand¬ 
wiched  between  liquid  metal  heating  plate  and  water-cooling 
plates  in  terms  of  four  separate  layers,  so  each  layer  includes  ten 
TE  modules.  Ten  TEC-12712T200  modules  as  one  layer  are  placed 
on  the  top  surface  of  liquid  metal  heating  plate,  while  ten  TEC- 
12712T150  modules  as  another  layer  sandwiched  between  TEC- 
12712T200  modules  and  water-cooling  plate  I.  Between  the  lower 
surface  of  liquid  metal  heating  plate  and  water-cooling  plate  II, 
there  are  the  other  two  layers  of  TE  modules  which  share  the  same 
structure  with  the  first  two  layers.  It  is  worth  noting  that  all  the  hot 
sides  of  TEC-12712T200  modules  are  close  to  liquid  metal  heating 
plate  while  all  the  cool  sides  are  close  to  the  hot  sides  of  TEC- 


12712T150  modules,  and  all  the  cool  sides  of  TEC-12712T150 
modules  are  close  to  water-cooling  plates  I  and  II.  Moreover,  in 
order  to  minimize  the  thermal  contact  resistance,  all  the  contact 
surfaces  are  spread  with  heat  conductive  silicone  grease,  such  as 
the  surfaces  between  two  kinds  of  TE  modules,  liquid  metal  heating 
plate  and  TEC-12712T200  modules,  water-cooling  plates  and  TEC- 
12712T150  modules  respectively.  In  addition,  liquid  metal  heating 
plate  which  is  270  mm  x  100  mm  x  16  mm  in  size  has  a  U-shaped 
channel  with  10  mm  in  diameter  and  520  mm  in  length  for  liquid 
metal. 

In  this  experiment,  164  ml  (1.04  kg)  Ga66ln2o.5Sni3.5  liquid  metal 
with  melting  point  around  10.3  °C  was  adopted  as  the  heat  carrier. 
In  addition,  the  flow  velocity  of  cooling  water  is  approximately 
1000  ml/min  during  the  whole  process  of  this  experiment.  More¬ 
over,  four  T-type  thermocouples  are  placed  at  liquid  metal  heating 
plate,  waste  heat  source,  water-cooling  plates  I  and  II  respectively, 
and  one  voltage  transducer  placed  at  TE  modules.  The  temperature 
of  each  part  of  TEG  system  and  voltage  of  TE  module  are  measured 
by  Agilent  data  acquisition  system,  model  34970A,  USA. 

3.  Results 

The  total  40  TE  modules  were  divided  into  5  groups  which  were 
connected  in  parallel,  while  each  group  had  8  TE  modules  con¬ 
nected  in  series.  In  this  experiment  an  external  electric  circuit  was 
applied,  which  was  composed  of  four  LEDs  (each  of  them  with 
nominal  power  of  30  W),  a  resistance  of  1  Q  and  the  TE  modules.  In 
the  circuit,  total  120  W  LEDs  and  1  Q  resistance  played  as  a  load,  in 
which  the  1  Q  resistance  was  used  as  a  tool  to  measure  the  current, 
while  TE  modules  served  as  the  power  source.  The  photograph  of 
prototype  of  the  liquid  metal  based  TEG  is  illustrated  as  Fig.  2. 

3.1.  Experimental  results  under  low  volume  flow  of  liquid  metal 

The  volume  flow  of  liquid  metal  is  at  a  low  level  when  the 
working  current  of  electromagnetic  pump  is  10  A.  Fig.  3  shows  the 
temperature  changes  of  waste  heat  source,  liquid  metal  heating 
plate,  water-cooling  plates  I  and  II  and  voltage  of  TE  modules, 


TEG 


electromagnetic  pump  waste  heat  source 


Fig.  2.  Photograph  of  prototype  of  the  liquid  metal  based  TEG. 
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Time  (s) 


Fig.  3.  Changes  of  temperature  of  waste  heat  source,  liquid  metal  heating  plate,  water¬ 
cooling  plates  I  and  II,  respectively. 

respectively.  From  this  figure  one  could  conclude  that  the 
temperature  of  liquid  metal  heating  plate  changes  with  the 
temperature  of  waste  heat  source,  and  it  is  always  lower  than  that 
of  waste  heat  source.  Furthermore,  changes  of  the  temperature  gap 
between  liquid  heating  plate  and  water-cooling  plate  I  (ATl_ci)  and 
that  between  liquid  heating  plate  and  water-cooling  plate  II  (ATl-cii) 
are  illustrated  in  Fig.  4.  It  can  be  observed  that  changes  of  ATl_ci 
follows  the  changes  of  ATl-cii  as  a  whole,  while  the  maximum 
temperature  difference  between  ATl_ci  and  ATL_Cn  is  as  big  as  20  °C 
which  will  surely  lead  to  different  voltages  produced  by  TE  modules 
placed  at  the  top  and  lower  surfaces  of  the  liquid  metal  heating 
plate.  The  main  reason  of  this  big  temperature  difference  is  the 
different  cooling  efficiencies  on  the  cool  sides  of  TE  modules,  which 
is  due  to  different  cooling  water  flow  rates.  When  the  temperature 
of  waste  heat  source  gets  close  to  a  balanced  point,  changes  of  ATL_ 
ci.  ATl-cii  and  variation  of  voltage  of  TE  modules  against  time  are 
shown  as  Fig.  5.  One  can  get  that  the  change  of  voltage  of  TE 
modules  follows  on  the  heels  of  variation  of  the  temperature  gap 
between  liquid  metal  heating  plate  and  water-cooling  plates  (ATL_ 
c),  moreover,  the  highest  output  voltage  of  TE  modules  reaches 
23.09  V  when  the  waste  heat  source  temperature  gets  to  a  balanced 
temperature  near  190  °C.  Obviously,  according  to  Figs.  3-5,  it  is 
undoubted  that  TEG  based  on  liquid  metal  for  waste  heat  recovery 
is  feasible. 


Time  (s) 

Fig.  4.  Changes  of  temperature  gap  between  liquid  metal  heating  plate  and  water¬ 
cooling  plates,  respectively. 


Fig.  5.  Changes  of  temperature  gap  between  liquid  metal  heating  plate  and  water¬ 
cooling  plates  and  variation  of  voltage  of  TE  modules  with  time,  respectively. 

3.2.  Experimental  results  under  high  volume  flow  rate  of  liquid 
metal 

When  the  working  current  of  electromagnetic  pump  is 
increased  to  60  A,  a  high  volume  flow  of  liquid  metal  is  gained. 
The  temperature  variations  of  waste  heat  source,  liquid  metal 
heating  plate,  water-cooling  plates  I  and  II  and  the  changes  of 
voltage  of  TE  modules  are  illustrated  as  Fig.  6.  It  could  be 
observed  that  the  temperature  of  liquid  metal  heating  plate 
changes  with  waste  heat  source  and  is  also  lower  than  the 
temperature  of  waste  heat  source  as  Fig.  3  shows.  Fig.  7  gives  the 
changes  of  temperature  gap  between  liquid  heating  plate  and 
water-cooling  plates.  Compared  with  Fig.  4  the  difference 
between  ATl_q  and  ATl-cii  is  smaller,  the  maximum  temperature 
gap  is  less  than  5  °C,  which  indicates  that  high  volume  flow  of 
liquid  metal  would  decrease  the  temperature  gap  between  ATl_ci 
and  ATl-cii.  Fig.  8  explains  the  changes  of  ATl_ci  and  ATl_cii  and 
variation  of  voltage  of  TE  modules  against  time.  In  this  figure  the 
voltage-changing  tendency  of  TE  modules  is  similar  to  that  of 
ATl-ci  and  ATl-cii.  Fig.  9  reveals  the  variation  of  voltage  of  TE 
modules  with  the  temperature  of  liquid  metal  heating  plate, 
water-cooling  plates  I  and  II  respectively.  This  figure  shows  that 
as  long  as  the  temperature  is  in  the  safe  scope,  the  TE  modules 
could  work  better  if  the  temperature  of  liquid  metal  heating  plate 
is  higher  while  the  water-cooling  plate  is  lower.  From  Figs.  8  and 


Fig.  6.  Changes  of  temperature  of  waste  heat  source,  liquid  metal  heating  plate,  water¬ 
cooling  plates  I  and  II,  respectively. 
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Fig.  7.  Changes  of  temperature  gap  between  liquid  heating  plate  and  water-cooling 
plates  respectively. 


Fig.  9.  The  variation  of  voltage  of  TE  modules  with  the  temperature  of  liquid  metal 
heating  plate,  water-cooling  plates  I  and  II  respectively. 


9  it  can  be  found  that  enlarging  the  temperature  gap  between 
liquid  metal  heating  plate  and  water-cooling  plates  can  make  TE 
modules  work  better.  So  the  heat  loss  along  the  process  of  liquid 
metal  transmission  is  one  of  the  significant  factors  which  influ¬ 
ence  the  performance  of  the  TEG  based  on  liquid  metal.  In  detail, 
available  ways  to  cut  down  the  heat  loss  include  enhancing  the 
flow  rate  of  liquid  metal  which  mainly  depended  on  the  working 
condition  of  electromagnetic  pump,  employing  better  thermal 
insulation  material  along  transmission  pipe  which  connected 
waste  heat  source  to  liquid  metal  heating  plate,  decreasing  the 
flow  resistance  of  the  channels  for  liquid  metal  and  so  on. 

Fig.  10  illustrates  changes  of  voltage  of  TE  modules  through  the 
whole  experimental  process.  In  Fig.  10,  there  are  two  peaks,  the  first 
output  voltage  peak  is  33.14  V  and  the  second  one  is  34.67  V.  It 
should  be  pointed  out  that  the  first  peak  is  caused  by  disconnecting 
the  four  LEDs  from  TE  modules.  And  the  voltage  value  of  TE 
modules  at  the  failing  edge  of  the  first  peak  is  resulted  from  using 
the  four  LEDs  and  a  5  Q  resistance  together  as  a  new  load  instead  of 
the  foregoing  one.  When  the  circuit  was  open  again,  the  voltage 
value  of  the  second  peak  appeared.  Then  after  changing  the  5  Cl 
resistance  for  a  10  Q  one,  the  voltage  value  of  TE  modules  is  shown 
as  the  failing  edge  of  the  second  peak.  From  the  test  data  of  Fig.  10,  it 
can  be  concluded  that  TEG  based  on  liquid  metal  for  waste  heat 
recovery  can  run  steadily  and  the  load  connected  to  TE  modules 
influences  the  output  voltage. 


Fig.  8.  Changes  of  temperature  gap  between  liquid  metal  heating  plate  and  water¬ 
cooling  plates  and  variation  of  voltage  of  TE  modules  with  time. 


4.  Discussion 


4.1.  Theoretical  analysis  of  thermoelectric  conversion  of  TEG 


The  maximum  efficiency  of  thermoelectric  conversion  of  TEG  is 
defined  as  Eq.  (1): 


^max  — 


^hot  ^cold  a/1  +  ZT  1 

Thot  VT+ZT  + 

*  hot 


(i) 


(2) 


where,  Z  is  figure-of-merit,  T( I<)  is  absolute  operating  temperature, 
S(V  K-1)  is  the  Seebeck  coefficient,  p(Q  m)  is  the  electrical  resis¬ 
tivity,  A(W  m_1  K-1)  is  the  coefficient  of  thermal  conduction  of  the 
thermoelectric  material,  TCoid(K)  is  the  temperature  of  cool  side  of 
TE  modules  and  Th0t(I<)  is  the  temperature  of  hot  side  ofTE  modules 
[15].  A  high  efficiency  of  TEG  can  be  obtained  by  increasing  the 
Carnot  efficiency  ( tjc  =  Tcoid  -  Thot/Thot).  According  to  Eq.  (1 ),  in  fact, 
the  temperature  difference  between  cooling  plate  and  liquid  metal 
heating  plate  of  TEG  unit  is  required  to  be  as  big  as  possible.  In 
addition,  the  figure-of-merit  of  thermoelectric  material  should  be 


Fig.  10.  Changes  of  voltage  of  TE  modules  with  time. 
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high,  that  is,  high  Seeback  coefficient  and  electrical  conductivity 
but  low  thermal  conductivity.  In  the  whole  device  the  main  thermal 
resistances  (ftthermai)  include  conductive  thermal  resistance  (^con¬ 
ductive)  and  convective  thermal  resistance  ( ft  convective  )• 

^conductive  =  (^) 


^convective  —  HA2 

where  L  is  the  thickness  of  the  conductive  plate,  X  is  the  thermal 
coefficient  of  the  material,  A\  is  the  cross-sectional  area  of 
conductive  plate,  where  the  cross-section  is  perpendicular  to  the 
direction  of  heat  flow,  h  is  the  convective  heat  transfer  coefficient, 
A2  is  the  heat  transfer  area.  In  this  experimental  setup,  ftCOnductive 
exists  when  heat  transfers  from  the  heaters  to  the  internal  wall  of 
pipe  or  channel  for  liquid  metal  and  from  the  internal  wall  of  pipe 
or  channel  for  liquid  metal  to  TE  modules.  Besides,  ftCOnvective  exists 
when  heat  transfers  from  liquid  metal  to  the  internal  wall  of  pipe  or 
channel  for  liquid  metal.  In  order  to  reduce  the  heat  loss  during  the 
process  of  taking  the  heat  from  the  waste  heat  source  to  the  liquid 
metal  heating  plate,  both  of  the  ftCOnductive  and  ftCOnvective  should  be 
increased,  in  other  words,  effective  thermal  insulation  measures 
should  be  taken  during  the  transportation  of  waste  heat.  However, 
when  liquid  metal  absorbs  heat  from  waste  heat  source  and 
releases  it  to  liquid  metal  heating  plate,  and  heat  transfers  between 
TE  modules  and  liquid  metal  heating  plate,  both  the  ftCOnvective  and 
ftconductive  should  be  decreased  to  make  the  heat  to  be  utilized 
adequately. 

The  efficiency  of  the  whole  liquid  metal  based  TEG  system 
depends  on  the  efficiency  of  heat  transmission  from  waste  heat 
source  to  the  plate  heated  by  the  liquid  metal  and  the  efficiency  of 
the  TE  modules.  It  can  be  written  as: 

7?TEG_system  =  ^  x  =  VlM  x  4te  (5) 

where  ^TEG_system*  Vim  and  ?7te  are  the  efficiency  of  TEG  system,  heat 
transmission  from  waste  heat  source  to  liquid  metal  heating  plate 
and  the  TE  module  respectively.  Qe,  Ql_h  and  Qw  are  respectively 
the  electric  energy  produced  by  TE  modules,  the  thermal  energy 
harvested  by  liquid  metal  heating  plate  and  the  thermal  energy  of 
the  waste  heat  source.  Therefore,  when  liquid  metal  worked  under 
high  volume  flow,  the  efficiency  of  the  TEG  is  calculated  as: 

4TEG_system_H  =  66%  X  3%  =  2%  (6) 

Although  the  efficiency  of  TEG  based  on  liquid  metal  as  tested  in 
this  paper  is  higher  than  1.66%  which  was  proposed  to  harvest 
waste  heat  exhausted  from  automobile  [16]  in  2008,  the  liquid 
metal  based  TEG  still  does  not  perform  very  well.  The  main  reasons 
resulting  in  the  mediocre  performance  of  a  liquid  metal  based  TEG 
are  as  follows:  There  was  no  heat  insulation  material  arranged 
along  the  pipes  between  the  waste  heat  source  and  the  liquid  metal 
heating  plate,  which  led  to  part  of  the  heat  leakage  to  the 
surroundings  during  the  transport  process.  The  conversion  effi¬ 
ciency  of  TE  modules  adopted  in  this  experiment  was  lower 
compared  with  the  conventional  ones  (3%-6.5%)  [15]. 

4.2.  Preliminary  interpretation 

First,  liquid  metal  based  TEG  for  waste  heat  recovery  is  feasible 
and  available.  Second,  the  output  voltage  of  TE  modules  is  depen¬ 
dent  on  the  temperature  gap  of  ATl_Ci  and  ATl_qi.  It  is  when  in  the 
safe  range  of  TE  modules  that  big  temperature  difference  between 


liquid  metal  heating  plate  and  water-cooling  plates  is  beneficial  for 
output  voltage.  Third,  the  temperature  gap  between  waste  heat 
source  and  liquid  metal  heating  plate  (ATs_l)  is  one  key  factor 
influencing  the  performance  of  this  TEG  system,  which  means  that 
better  heat  conductivity  of  waste  heat  source  and  liquid  metal 
heating  plate  does  make  sense  to  improve  system  performance.  It 
can  be  seen  in  Figs.  11  and  12  that,  the  balanced  temperature  gap 
between  waste  heat  source  and  liquid  heating  plate  is  74.89  °C 
when  electromagnetic  pump  operating  current  is  10  A,  and  58.47  °C 
when  the  current  increased  to  60  A.  From  these  figures  one  can 
conclude  that  the  operating  current  of  electromagnetic  pump  is  one 
influencing  factor  of  the  heat  loss  from  waste  heat  source  to  liquid 
metal  heating  plate,  thus  optimizing  the  performance  of  electro¬ 
magnetic  pump  is  a  significant  way  to  make  TEG  system  work 
better.  In  addition,  in  order  to  reduce  the  heat  loss  along  the 
transmission  of  liquid  metal,  measures  of  heat  insulation  and  the 
flow-resistance  reduction  of  channels  for  liquid  metal  are  also 
required.  Furthermore,  to  save  water,  a  fan  could  be  used  to  cool  the 
TE  modules  instead  of  using  cooling  water  in  future  work.  More¬ 
over,  additional  performance  parameters  of  this  type  of  TEG  system 
should  be  measured  to  analyze  its  performance,  such  as  the 
temperature  difference  between  liquid  metal  input  and  output 
ports  in  each  unit,  effects  of  flow  rate  of  liquid  metal  and  so  on. 
Besides,  in  order  to  make  an  in  depth  research  on  liquid  metal 
based  TEG,  a  great  number  of  experimental  measurements  and 
numerical  simulations  should  be  implemented  in  the  future,  which 
include:  (a)  seeking  new  liquid  metal  with  low  melting  point;  (b) 
improving  the  arrangement  of  the  thermoelectric  modules;  (c) 
hunting  for  a  new  thermoelectric  material  with  high  efficiency;  (d) 
using  computer  simulation  to  optimize  the  design  of  TEG  system 
based  on  liquid  metal  or  part  of  it;  and  (e)  reducing  the  cost  of  TEG 
based  on  liquid  metal. 

4.3.  Advantages  and  disadvantages  of  liquid  metal  based  on  TEG  for 
waste  heat  recovery 

Distinctive  superiorities  of  the  liquid  metal  based  TEG  are  as 
follows:  (a)  Without  moving  parts  and  materials  that  may  require 
periodic  replenishment,  TEG  based  on  liquid  metal  is  reliable,  (b) 
Less  maintenance  is  demanded  by  TEG  based  on  liquid  metal 
because  of  no  noise  and  vibration,  (c)  Getting  together  all  of  the  TE 
modules,  liquid  metal  heating  plate  makes  the  TGE  unit  compact 
and  less  position-dependent,  (d)  With  the  help  of  liquid  metal 
based  TEG,  long-distance  energy  transportation  is  efficiently 
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Fig.  11.  Changes  of  temperature  gap  between  waste  heat  source  and  liquid  metal 
heating  plate  when  the  operating  current  of  electromagnetic  pump  is  10  A. 
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Fig.  12.  Changes  of  temperature  gap  between  waste  heat  source  and  liquid  metal 
heating  plate  when  the  operating  current  of  electromagnetic  pump  is  60  A. 

achieved,  (e)  TEG  based  on  liquid  metal  has  characteristics  of 
energy  conservation  and  environmental  protection,  (f)  TEG  based 
on  liquid  metal  is  so  flexible  that  it  can  be  applied  in  various  areas. 

Although  there  are  many  merits  of  TEG  based  on  liquid  metal,  it 
also  has  a  few  drawbacks  which  need  to  be  improved  in  future 
study  such  as:  (a)  Even  though  the  thermal  conductivity  of  liquid 
metal  is  high,  it  is  difficult  for  the  liquid  metal  based  TEG  to  harvest 
all  the  waste  heat,  (b)  The  electromagnetic  pump  used  to  drive 
liquid  metal  needs  to  consume  part  of  the  power,  (c)  Limited  by  the 
property  of  the  thermoelectric  material,  the  thermoelectric 
conversion  efficiency  of  TE  modules  is  not  high  enough,  (d)  Prob¬ 
lems  of  leakage  and  corrosion  induced  by  liquid  metal  should  be 
considered  seriously.  More  advanced  optimization  designs  on  TEG 
system  based  on  liquid  metal  are  in  great  demand  for  further 
development. 

5.  Conclusions 

In  this  study,  both  technical  concept  and  basic  features  of  the 
liquid  metal  based  TEG  for  waste  heat  recovery  were  presented  and 
investigated.  A  prototype  system  was  successfully  built  up  and 
adopted  to  evaluate  the  new  electricity  generation  strategy. 
According  to  the  experimental  measurement,  the  TEG  using  liquid 
metal  to  convert  waste  heat  into  electricity  is  highly  feasible  and 
flexible,  which  promises  its  bright  future  in  a  wide  variety  of  energy 


saving  situations.  Although  some  defects  still  exist  in  the  present 
working  system,  it  opens  the  way  of  using  room  temperature  liquid 
metal  to  fully  harvest  and  utilize  low-grade  heat. 
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